Purpose: To implement an accelerated five-dimensional (5D) echo-planar J-resolved spectroscopic imaging sequence combining 3 spatial and 2 spectral encoding dimensions and to apply the sequence in human brain. Methods: An echo planar readout was used to acquire a single spatial and a single spectral dimension during one readout. Nonuniform sampling was applied to the two phase-encoded spatial directions and the indirect spectral dimension. Nonlinear reconstruction was used to minimize the ' 1 -norm or the total variation and included a spectral mask to enhance sparsity. Retrospective reconstructions at multiple undersamplings were performed in phantom. Ten healthy volunteers were scanned with 8Â undersampling and compared to a fully sampled single slice scan. Results: Retrospective reconstruction of fully sampled phantom data showed excellent quality at 4Â, 8Â, 12Â, and 16Â undersampling using either reconstruction method. Reconstruction of prospectively acquired in vivo scans with 8Â undersampling showed excellent quality in the occipitoparietal lobes and good quality in the frontal lobe, consistent with the fully sampled single slice scan. Conclusion: By utilizing nonuniform sampling with nonlinear reconstruction, 2D J-resolved spectra can be acquired over a 3D spatial volume with a total scan time of 20 min, which is reasonable for in vivo studies. Magn Reson Med 000:000-000, 2015. V C 2015 Wiley Periodicals, Inc.
INTRODUCTION
Spectroscopic imaging (SI) allows the acquisition of spatially mapped spectra over two or three dimensions (1) . Compared to single voxel techniques, SI offers much larger spatial coverage and better resolution as well as the ability to discriminate spectra at different locations. SI can be an important tool for mapping the spatial extent of diseased tissue as underlying metabolic changes can occur before any visible anatomic variation.
The scan time for classical SI sequences is proportional to the number of phase encoding increments and therefore increases with the resolution and number of dimensions. Mansfield proposed using an echo planar readout to interleave the collection of one of the spatial dimensions along with the directly acquired spectral dimension (2) . This type of spatial-spectral readout has been applied in vivo with the originallyproposed Cartesian k-space trajectory (3) as well as with spiral-based (4) and concentric circular-based trajectories (5) .
A major issue with proton (1H) spectroscopy in the human brain is that nearly all of the measurable resonances lie in a relatively small bandwidth covering approximately 4 ppm, resulting in spectra that suffer from severe overlap and crowding. Spectral dispersion can be increased using two-dimensional (2D) MR Spectroscopy (6) . Localized versions of some of the simpler 2D MR Spectroscopy sequences have been applied in single voxel techniques in vivo (7) (8) (9) . In particular, localized Jresolved spectroscopy (JPRESS) (7) is achieved by adding incremental delays symmetrically around the last refocusing pulse in a PRESS (10) localization. At each increment, the chemical shift is refocused at readout. However, scalar coupling is not refocused by a 1808 pulse and therefore, evolves differently for each increment. 2D Fourier transformation of the time domain data results in a spectrum in which peak splitting of coupled metabolites is in a separate dimension from the chemical shift.
Multidimensional SI refers to SI scans that collect two spectral dimensions, such as with J-resolved (11) or correlated spectroscopy (12, 13) . The additional information present in the second spectral dimension comes at the expense of greatly increased scan time, limiting the application of multidimensional SI to relatively low resolution single slice acquisitions even with an echo planar readout.
Techniques used to accelerate MRI such as partial Fourier acquisition (14) or parallel imaging (15, 16) have been applied to acquire fewer phase encoding steps in SI as well (17) (18) (19) (20) . However, the potential acceleration is limited for low resolution SI, and these methods do not accelerate the acquisition of the indirect spectral dimension.
Alternatively, nonuniform sampling (NUS) with compressed sensing (CS) reconstruction offers greater potential acceleration as the undersampling can be spread over multiple dimensions (21) . Hu et al. used a blipped phase encode during readout to nonuniformly sample the spatial and spectral dimensions in hyperpolarized C-13 SI (22) . Our group has previously shown the potential for 4-fold acceleration of single-slice echo-planar Jresolved SI by undersampling the ðk y ; t 1 Þ plane (23) .
Here, we extend those principles to 5D (3 spatial þ 2 spectral) SI and apply NUS to the ðk y ; k z ; t 1 Þ volume. The third spatial dimension can provide nearly full coverage of the brain in a single scan. This aspect is critical when locations of interest (e.g., tumors) are not apparent in an MRI scan or require detailed mapping in three dimensions (24) . In addition, regional metabolite differences have been found from whole brain SI in varied pathologies such as traumatic brain injury (25) and amyotrophic lateral sclerosis (26, 27) . The third spatial dimension also enhances the self sparsity of data, and spreading the undersampling over an additional dimension increases the incoherence of the artifacts (21) . These factors improve the performance of CS reconstruction and allow us to acquire data with an 8-fold acceleration, which is the same time required for a fully sampled single-slice data set at the resolution shown here. It should be mentioned that previous applications of CS to SI were used to accelerate already existing protocols, whereas in our case, 5D SI is untenable in vivo without significant acceleration.
Existing fast 3D SI methods all acquire data with a single spectral dimension and have typically focused on high resolution mapping of the singlet signals of NAA, creatine, and choline (20, 28, 29) . Dreher et al. used a steady-state free precession EPSI to additionally map myo-inositol, though their technique is not well suited for detecting glutamate/glutamine (Glx) resonances (30) . Recently, reliable short TE whole brain maps of Glx were also shown (31) . However, none of these techniques offer much potential for separately resolving highly overlapped metabolites such as glutamate and glutamine.
METHODS

Phantom
All scans were acquired on a Siemens 3T Trio scanner, with TR/minimum TE ¼ 1200/30 ms. A phantom with physiological concentrations (32) of 16 grey matter brain metabolites was scanned 12 times to measure spectral quality and reproducibility. The fully sampled 5D echo planar-J-resolved SI sequence acquired a k-space volume with 16 points in the readout direction (k x ) and 16 and 8 points in the two phase encoding directions (k y and k z , respectively). The field of view (FOV) was 16 Â 16 Â 12 cm 3 . Each k x line was repeatedly acquired for 256 t 2 points per TR, and 64 TE increments (t 1 points) were acquired. A maximum echo sampling scheme was applied in which t 1 is incremented only before the last refocusing pulse (33, 34) . The second increment that leads to refocused chemical shift is applied as a frequency-dependent, linear phase correction in postprocessing for each acquisition. The reconstructed bandwidths in the direct (F 2 ) and indirect (F 1 ) spectral dimensions were 1190 and 500 Hz, respectively. Water suppression was applied before each scan (35) . Scans were recorded with a single channel transmit/receive extremity coil mostly, though three scans were recorded with the same head receive coil used in the in vivo experiments. Total scan time was 2 h 44 min. Different NUS rates were applied retrospectively.
In Vivo
Ten healthy volunteers (mean age 25.0 years old) were scanned using the same parameters as the phantom scans except that the FOV was increased to 24 Â 24 Â 16 cm 3 , and 8Â NUS was prospectively applied for a scan time of around 20 min. Outer volume saturation bands were included outside the PRESS volume of interest. An eight channel head receive coil was used. One scan was excluded due to poor water suppression as a result of subject motion. For a time-equivalent comparison, a fully sampled 4D single slice scan with the same slice thickness and in-plane resolution was also acquired in one healthy 23-year-old volunteer.
NUS Masks
Incoherent aliasing was achieved by randomly undersampling the ðk y ; k z ; t 1 Þ volume. As previously described in Ref. 23 , a NUS density function that favors the higher SNR data points was considered and was given by
where rðk y ; k z ; t 1 Þ is the probability of sampling point ðk y ; k z ; t 1 Þ; k y 2 fÀ8; À7; . . . ; 7g; k z 2 fÀ4; À3; . . . ; 3g; t 1 2 f0; 1; . . . ; 63g, and a, b, and c give the relative decay in each dimension. This method is similar in principle and motivation to that described by Barna et al. (36) . In the 5D echo planar-J-resolved SI sequence as described above, there is less sampling in the spatial dimensions than the indirect spectral dimension, so to ensure adequate sampling of that indirect spectral dimension, we have set a ¼ b ¼ 2 and c ¼ 1. The 8Â mask used in phantom retrospectively and in vivo prospectively is shown in Figure 1 . Independent masks were generated for 4Â, 8Â, 12Â, and 16Â undersampling. In each case, 50 masks were generated offline, and the one with the smallest maximum off center peak of the point spread function was implemented on the scanner.
Reconstruction
Two versions of the CS reconstruction problem were formulated. In the first, the reconstructed data is considered self sparse, due largely to the sparsity of 2D JPRESS spectra, and the optimization is written as
where u ¼ uðx; y; z; F 2 ; F 1 Þ is the reconstructed data, f ¼ f ðx; k y ; k z ; F 2 ; t 1 Þ is the undersampled data Fourier transformed across the fully sampled dimensions, s 2 is an estimate of the noise variance of the sampled data divided by 100, R is the NUS masking operator, and F is the Fourier transform operator across the undersampled dimensions only. The objective function is the ' 1 -norm of the reconstructed data, and the constraint expresses data consistency through the ' 2 -norm of the difference betweeen the acquired data and the subsampled reconstructed data. Each iteration of the solver requires transformation from the f domain to the u domain and back. For such large datasets and with a high number of iterations, a significant amount of reconstruction time is spent on Fourier transforms. Transforming the ðk x ; t 2 Þ dimensions only once before reconstruction therefore saves time and is permissible since F À1 RF equals identity when the dimension is fully sampled (R ¼ 1 ! ). The second CS reconstruction is based on the assumption of piecewise constant spatial profiles and seeks to minimize the total variation (TV) of the reconstructed data with the same data consistency constraint. It is given by min u TVðuÞ s:t:jjRF u À f jj 2 2 < s 2 [3] and was similar to the method used in Ref. 23 . The TVnorm was given isotropically as
where N is the number of acquired data points. In this experiment, this problem took about three times longer per iteration than that of Eq. (2). Both Eqs. (2) and (3) were solved using the split Bregman algorithm (37) . The split Bregman algorithm seeks to minimize the Bregman distance of the objective function and uses operator splitting (38) to simplify the computations. It is equivalent to the alternating direction method of multipliers with one iteration (39) . Each reconstruction had the same stopping criteria, namely:
(1) a maximum number of 200 iterations and (2) accepted level of deviation from the acquired data as expressed through the parameter r.
Additional Processing
After Fourier transformation across t 2 but before reconstruction, a linear phase correction was applied to effectively refocus chemical shift as described above. At the same time, a spectral mask was applied in F 2 to select only the region between 1.2 and 4.3 ppm, which is where nearly all of the brain metabolites resonate. This constrains the dynamic range of the data and effectively removes the large residual water signal and most lipid contamination. A similar approach was applied by Eslami and Jacob to SI data with one spectral dimension (40) .
The reconstruction was performed over each coil separately, and the individual coil reconstructions were combined as a sum-of-squares. Metabolite maps were found by integrating the reconstructed spectra over the peak ranges given in Table 1 . An average noise power for each sized region was subtracted from the integral to compensate for the bias introduced by nonzero mean noise in the absolute magnitude spectra (41) .
For the quantitative comparison, voxels were excluded based on any of three criteria: (1) low SNR, (2) undue influence of the residual water tail, and (3) large fat signal bleed. The spectral regions used to perform these tests are also given in Table 1 . The first condition effectively excluded voxels outside the volume of interest, while the second was important for voxels in the frontal lobe. The third condition is important for voxels near the skull marrow. Acceptance criteria were manually confirmed with visual inspection of the NAA, Cr, and tCho singlets.
RESULTS
Phantom
Spectra from a central voxel in a typical phantom scan are shown with various retrospective undersampings in Figure 2 along with the same fully sampled spectrum. The minimum energy reconstruction in which the unacquired data points are filled in with zeros is shown (Fig.  2b) for the same 4Â undersampling as that reconstructed in Figure 2c with Eq. (2) . Note that the spectral aliasing artifacts appear tilted along the F 1 dimension due to the maximum echo sampling scheme and postprocessing. The CS reconstructed 4Â spectra show excellent spectral quality with respect to the fully sampled. As expected, a decrease in spectral quality exemplified by residual aliasing and the removal of low lying peaks is observed with progressively larger undersampling. A metabolite map of the integrated volume of the NAA singlet is shown in Supporting Information Figure S1 , showing the spatial aliasing artifacts in the minimum energy reconstruction in both the y-and z-directions. Metabolite maps for the remaining metabolites show similar quality. Figure 3 shows the metabolite maps of Glx from the same phantom scan reconstructed using TV minimization in Eq. (3) undersampled by 8, 12, and 16, along with the fully sampled reconstruction. For each Cho is total choline; Cr30 is the creatine singlet at 3.0 ppm; Cr39 is the creatine singlet at 3.9 ppm; Glx is glutamate and glutamine combined; mI is myo-inositol; NAA is N-acetylaspartate. Wat and Tail are used as a measure of baseline effects due to residual water contamination. Fat is a marker of lipid signal bleed. Sig is a marker of overall signal level. Noise is taken from a region that is devoid of any signal, desired or nuisance. undersampling, the reconstructions are shown with and without prior spectral masking as noted. Full spectra from the central voxel of each reconstruction are shown in Figure 4 with the display extended to show the residual water peak. Without spectral masking, the residual water peak is much higher, and the metabolite peaks are reconstructed at lower intensities. Also, comparing Figures 4a-c and 2d-f qualitatively suggests that the TVnorm objective performs better than the ' 1 -norm, especially at greater undersampling factors. Quantitative comparisons between the various undersampling factors and reconstructions over all the phantom scans are shown in Table 2 and Figure 5 . In Table 2 , peak root-mean-square errors (RMSEs) are computed between the fully sampled and reconstructed data and are reported in decibels (dB). The same spectral region used for peak integration was used for each metabolite RMSE. For proper comparison, the minimum energy reconstructions are also included. Within each reconstruction, there is a clear trend of higher RMSEs with greater undersampling factors for each metabolite. Exceptions occur in the TV reconstruction between 4Â and 8Â undersampling and in the ' 1 reconstruction of Cr39 between 12Â and 16Â. RMSEs are also presented for 8Â undersampled data reconstructed with ' 1 minimization without prior spectral masking. Though the NAA results are surprisingly close to the fully sampled, most of the other metabolites are much less similar and are even worse than the minimum energy reconstruction in some instances, indicating that the spectral mask improves the reconstruction of small to medium peaks. Trends between the ' 1 and TV reconstructions are less obvious with ' 1 exhibiting lower RMSEs at lesser undersampling but TV exhibiting lower ones at greater undersampling. Figure 5 compares the reconstructions by looking at peak integrals of NAA, Glx, Cr, tCho, and mI. In each case, the peak integrals tend to decrease with greater undersampling with the differences being smaller for TV reconstruction. The standard deviations of the fully sampled data are similar to those for each reconstruction, with those of mI being the highest due to its closer proximity to the residual water tail. Supporting Information Table S1 gives the numbers used for this figure.
In Vivo
Due to obvious time constraints, 5D in vivo data was prospectively undersampled only, so there is no fully sampled data to compare with. Quality metrics such as RMSE cannot therefore be calculated. Instead, peak integrals are used to show reproducibility and that values are within the physiological range for healthy adults. Figure 6a shows metabolite maps from a healthy 29-yearold adult using 8Â undersampling and TV reconstruction. Each metabolite was scaled to its maximum so that they all can appear with the same grey scale despite different overall intensities. Figure 6b shows the full spectra from the voxels highlighted in Figure 6a . The red and blue voxels are from different sides of the occipital lobe, the yellow voxel is from the parietal lobe, and the green voxel is from the frontal lobe. The occipital voxels tend to have the best water suppression and exhibit the highest quality spectra. This is consistent with our previous experience both in single voxel and single slice SI. Fat leakage into the occipital voxels is present but small enough not to disturb the NAA singlet. Voxels in the frontal lobe show worse water suppression due to susceptibility-related effects and difficulties in shimming, and the residual water tail can affect the integrals of the Cr39 singlet and the mI multiplet. Figure 7 shows the mean metabolite peak integrals over nine healthy adults using TV minimization. Voxels in the frontal lobe (top) were separated from those in the occipital and parietal lobes (bottom). This is because of the markedly increased standard deviations in the frontal lobe in scans with poorer water suppression. A timeequivalent, 4D fully sampled data set is included and shows similar means and standard deviations as the reconstructed 5D data. Supporting Information Figure S2 shows the data reconstructed minimizing the ' 1 -norm. Both figures are similar, though the TV reconstruction results in a tighter spread of intersubject averages and slightly smaller intrasubject standard deviations as well. The numeric data for all 10 healthy volunteers along with the number of acceptable voxels for each scan are given in Supporting Information Tables S2 and S3 for voxels in the occipito-parietal and frontal lobes, respectively.
DISCUSSION
The main benefit of the technique described here is the potential for J-resolved SI in three spatial dimensions in vivo. However, the challenges faced in conventional 3D 
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SI are also present here. We have chosen to use a volume-localized (PRESS) echo planar J-resolved SI as opposed to spin echo or slice-localized sequence, despite the better coverage and shorter echo times afforded by the latter. Volume-localized techniques permit better shimming, which leads to taller, narrower peaks suited for CS reconstruction and better water suppression. Also, slice-localized techniques suffer from skull marrow lipid contamination due to ringing of the high amplitude, low resolution point spread function. Contamination can be partially compensated with inversion recovery (42) or postprocessing techniques involving a high resolution lipid image (43) . Outer volume suppression pulses effectively remove all signals (metabolites included) but are difficult to position over the skull marrow in a 3D scan without significantly suppressing cortical signal near the   FIG. 4 . The effect of spectral masking before reconstruction. J-resolved spectrum from the same central voxel in the phantom for different undersamplings with TV reconstruction. a-c: are for 8Â, 12Â, and 16Â NUS, respectively, and include spectral masking. d-f: use the same NUS and reconstruction except without any spectral masking; the contour level has been scaled down by a factor of two to partially compensate for the decreased signal intensity. In all spectra, the F 2 axis is extended to show the residual water peak. surface of the brain. The chosen spectral mask further ensured minimization of any residual lipid artifacts but would be inadequate to remove the ringing caused by unsuppressed signal from the skull marrow by itself.
Volumetric localization using adiabatic RF pulses (44) . Each metabolite was normalized to its maximum so that they appear on the same gray scale. Spectra from the highlighted voxels are shown at right. maps in Figure 6a , there is about a one pixel shift per ppm in the y-direction and a 1/2 slice shift per ppm using the "Mao" refocusing pulses (46) in PRESS.
In this work, we have used two methods for quantitative comparison of reconstructed data. The RMSE is applicable when a reference signal is available as was the case with phantom data only. It is a point-by-point method, and as such, it is sensitive to differences in amplitude, linewidth, and peak shape. However, it is also influenced by noise and can be biased by the nonlinear reconstruction methods used here. To minimize the influence of noise and better characterize where discrepancies are occurring, RMSEs were constrained to the individual metabolite peak areas. As an additional quantitative method, peak integration simply sums the volume in a given region and therefore does not directly describe differences in amplitude, linewidth, or peak shape. No reference data is required, but over-or underestimation can be determined if it is present. From a philosophical standpoint, peak integration provides a relative measure of metabolite concentration which is the penultimate goal in spectroscopy studies anyway. Both methods can be considered complementary.
The decrease in peak volumes from fully sampled to 12Â undersampling shown in Figure 5 is consistent with the corresponding increase in RMSE values shown in Table 2 and is most likely the result of the nonlinear reconstruction itself. In either ' 1 or TV minimization, soft thresholding tends to shrink the amplitudes of the signal in the transform domain (identity or finite differences), reducing the peak integral. The data consistency term is what mitigates this effect. However, the larger the undersampling factor, the less influence the data consistency term has (assuming that the value of r does not depend on R). Simply put, there are fewer data points to constrain.
Previous work on CS-reconstructed single slice Jresolved SI data has suggested that TV reconstruction should perform better than ' 1 (23) . In this case though, adding a third spatial dimension increases the self sparsity of the data as the ROI is about half the FOV in the zdirection, and several slices do not contribute any signal. This effectively narrows the gap between the reconstructions to the point that it is not definitive if there is a significant difference. The reconstruction in Eq. (2) takes about 10 min per coil, while that of Eq. (3) takes about half an hour on a 64-bit octa core 3.1 GHz Intel Xeon E5-2687W processor with 128 GB RAM, so there is strong incentive to choose the faster reconstruction method when the number of coils is large. Coil compression methods could be applied to the acquired data to reduce the number of virtual coils that need to be reconstructed (47) . It should be noted that a scan with a tighter FOV around the volume of interest would be less self sparse though and could negatively influence the ' 1 reconstruction. However, the TV reconstruction should be relatively immune to the ROI/FOV ratio as long as the object profile is not wildly varying.
A relatively large indirect spectral bandwidth of 500 Hz was used in this article. Often, J-resolved spectra can be acquired with a bandwidth less than 100 Hz due to the small coupling constants found in most metabolites (32) . The primary reason for this choice was to keep the residual water tail away from the metabolite signals, as we have found it difficult to achieve consistent water suppression over the whole brain. A further consequence of this choice is that the 2D spectra are highly sparse, which benefits the reconstruction. However, a large indirect spectral bandwidth is not a prerequisite for the technique described. The same principles of sampling (Eq.
(1)) and reconstruction can be applied with minimal modification to low indirect bandwidth data with the similar caveat that the ' 1 reconstruction will be more negatively affected than the TV. Figures 3 and 4 show how important a simple spectral masking is prior to the reconstruction. In either reconstruction, the data fidelity term will make sure the largest peaks are reconstructed most accurately, while lowlying peaks are "cleaned up" as aliasing and largely removed. Even with good water suppression, the residual water is typically the largest peak in brain spectra. Individual peaks of multiplets are smaller and reconstructed with much less intensity as shown in the above mentioned figures. Conversely, the NAA singlet peak has the second highest amplitude and is well separated from the residual water tail. It is reconstructed accurately with or without masking in Table 2 , but the errors in reconstruction for Glx and mI are much more pronounced. As an alternative to the simple spectral masking presented here, other postprocessing methods to remove the residual water signal can be applied instead, for instance that based on wavelet transformation (48) . This method would be advantageous when requiring accurate quantitation of metabolites very near the water peak, such as glutathione. The same idea applies to the lipid peaks and their effect on lactate and alanine. Table 2 and Figure 4 suggest that undersampling factors up to 16Â can be achieved with excellent reconstruction quality in phantom. However, we have limited ourselves to 8Â undersampling in vivo. The reason for FIG. 7. Regional peak integrals of major metabolites in ten healthy adults with minimum TV reconstruction. The green bars are from 8Â NUS 5D data reconstructed using Eq. (3) for voxels in the frontal lobe (top) and in the occipito-parietal lobes (bottom). The orange bar is from a time-equivalent, fully sampled 4D data set for comparison.
this conservative choice is in consideration of the motivation to do multidimensional spectroscopy in the first place. The major singlet resonances in brain are well resolved in single dimensional spectroscopy with long echo times. The advantage of using multidimensional spectroscopy lies in its ability to resolve low amplitude, J-coupled resonances acquired with short echo times. Without accurate measurements of these additional resonances, there is no reason not to choose the much faster 1D technique. As the undersampling factor increases, more of the low amplitude resonances are buried in the noise and residual aliasing and will not be reconstructed accurately. Future work will look at prior knowledge fitting as an improved method of quantification of up to 20 brain metabolites (49) .
Further improvements may be made by considering additional NUS schemes and reconstruction objectives. In particular, the Poisson gap sampling scheme shows reduced artifacts compared to random undersampling (50) . Maximum entropy has been used as an objective in 2D NMR and might offer some improvement compared to ' 1 -norm minimization (51, 52) , while group sparsity uses the ' 2;1 -norm objective to consider the proximity of nonzero coefficients (53) .
Although this article has focused on 2D J-resolved spectroscopy, the techniques can be applied with suitable modification to imaging analogs of other 2D acquisitions such as correlated spectroscopy, TE-averaged PRESS (54), or CT-PRESS (55) . Despite the common practice of displaying the latter two as single dimension spectra, the acquisition requires two spectral dimensions and can be undersampled and reconstructed as 2D spectra with the methods described here before taking the appropriate projections.
CONCLUSION
NUS with CS reconstruction can be used to acquire 5D (3 spatial þ 2 spectral) spectroscopic images in human brain in a clinically feasible scan time. Conservatively, an 8-fold acceleration was applied in vivo for a 20 minute scan time, while a 16-fold acceleration was applied to phantom data. Reconstruction can be performed either by minimizing the ' 1 -norm or the TVnorm.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Supporting Figure S1 : Localized three plane image of phantom (left) and NAA metabolite map for a typical phantom scan with various retrospective undersamplings (right). The phase encoding direction is shown vertically, the readout is horizontal, and the slices are stacked. Reconstruction was performed according to Eq. (2), minimizing the '1-norm except where noted. †Minimum energy reconstruction.
Supporting Figure S2 : Regional peak integrals of major metabolites in ten healthy adults with minimum '1 reconstruction. The green bars are from 8x NUS 5D data reconstructed using Eq. (2) for voxels in the frontal lobe (top) and in the occipito-parietal lobes (bottom). The orange bar is from a timeequivalent, fully-sampled 4D data set for comparison.
Supporting Table S1 : Mean metabolite peak integrals in phantom with standard deviations in parentheses.
Supporting Table S2 : Mean metabolite peak integrals from the occipitoparietal lobes in vivo of 10 healthy volunteers. Standard deviations are in parentheses, and the number of included voxels are given for each scan. The top half shows the reconstruction minimizing the '1-norm, while the bottom half is the result from minimizing the T V -norm. The last column shows the values from a fully sampled single slice (4D) scan.
Supporting Table S3 : Same as Supporting Table S2 for voxels in the frontal lobe.
